tract was dialyzed against 0.02 M potassium phosphate buffer, pH 7.5, using a cellophane dialyser, tubing.
All extraction operations were carried out at 0~5°C.
In aerobic experiments, the reaction mixture was placed in a large test tube (diameter, 24mm) and aerated by a reciprocal shaker at 28°C.
The quantitative analysis of valine was made by the conventional bioassay technique using Leuconostoc mesenteroides P-60 whose growth responded exclusively L-valine. L-Glutamic acid analysis was also made by bioassay procedure using the same organism.
Glucose was determined by the method of SOMOGYI (2) . Protein was measured by a biuret method (3) . Acetoin and diacetyl were analysed according to the method of WESTERFELD (4). a-Acetolactatel was determined as acetoin after decarboxylation by heating in a boiling water bath for 10 minutes in the presence of 1, 8 NH2SO4. All spectrophotometric measurements were performed with a Beckman model DU type spectrophotometer.
Paper chromatographic analysis for amino acids and organic acids was usually performed by use of Toyo filter paper No. 50 and a mixture of n-butanol 4, acetic acid 1, water 1, as the developing solvent.
L-Valine used here was the purest preparation obtained by fermentation procedure.
Sodium pyruvate was prepared by neutralizing distilled pyruvic acid with sodium hydroxide and crystallization from water and ethanol. AL was prepared according to the procedure of KRAMPITS (5) . KIV was prepared in this laboratory as follows: One mole of crude crystalline a-hydroxyisovaleric acid which was obtained from our Fuji factory was oxidized in an aqueous neutral solution with 2/3 mole of potassium permanganate at room temperature with shaking.
After disappearance of the permanganate, the solution containing a bulk of Mn02 was filtered and the clear solution thus obtained was concentrated in vacuo. The sodium salt of KIV was then prepared in crystalline form according to the method of MEISTER (6) . a-Naphthol which was a commercial product was purified by distillation under reduced pressure in a nitrogen atmosphere.
TPN and DPN were purchased from Tokyo Kasei Co. Pyridine nucleotides were reduced chemically by the hydrosulfite method (7) . NZ-amine, an enzymatic digest of casein, was a product of the Sheffield Chemical Company.
RESULTS

Microorganisms Selected for Valine Production:
A rather large number of microorganisms that produced and accumulated valine in a large amount were obtained in the screening experiments previously described (8) . In addition, a number of organisms isolated from natural sources were screened in the medium containing 5% glucose, 0.05% KH2PO4, 0.05% K2HPO4, 0.05% MgSO4 7aq, 1.0% NH4C1, 0.5% urea, 1.0% CaCO3. As a result, the organisms which had a powerful ability to produce valine were found only in bacteria and the number of such bacteria counted more than ten.
Among these valine-producing bacteria, three strains were selected as organisms for the taxonomical study judging from their colonial appearences and productivities of valine.
The strains selected were numbers 775, 749 and 40-2, and a taxonomical study was performed with reference to the Manual of Microbiological methods by Society of American Bacteriologists, 1957, and other references.
Thus, it was revealed that strains Nos. 775, 749 and 40-2 belong to Paracolobactrum coliforme, Escherichia coli and Aerobacter aerogenes, respectively, according to the classification described in Bergey's Manual of Determinative Bacteriology, 7th Edition, 1957. The classification of other bacteria producing valine were tentatively made by gram stain, microscopic observation, colonial morphology on eosine-methylene blue medium, utilization of citrate, etc., and they include the strains of Paracolobactrum intermedium, Escherichia coli and probably the Bacillus species. The bacteria chosen as valine-producing strain produced 1~5 mg of valine per ml of the broth in the screening medium.
Valine-producing organisms in type culture strains are described in part in a previous paper (8) . A gram-positive bacterium, Brevibacterium ammoniagenes, ATCC 6871, another valine-producing organism was selected for study of valine production. The Course of Fermentation : Figure 1 gives examples of the chemical changes occurring during valine fermentation.
The fermentation conditions of P. coliforme and Br. ammoniagenes were chiefly studied. P, coliforme was capable of producing valine to an extent 150 of glucose added; that is one mole of glucose was converted to 0.23 mole of valine. In fermentation of this organism, various inorganic nitrogen compounds such as ammonium sulfate, ammonia gas could be used as a nitrogen source, and urea was always effective to increase the production of valine without an apparent decomposition.
The addition of certain organic nutrients in an appropriate concentration often had good influence for valine production. The nutrient not only promoted the production of valine, but also the stabilization of the fermentation.
It was also found that L-leucine when applied in appropriate concentration had the same effect as organic nutrients to stabilize fermentation, and further phenylalanine, tyrosine had a similar effect. It should be noted that the amount of valine produced in some cases decreased rather sharply with a minute change of medium composition, even though no particular change was observed in cell growth, pH of the medium. E. coli strain 749 needed similar cultural conditions to that of P. coliforme for valine production.
This may be understandable by the close taxonomical relationship between these strains.
The characteristics of the valine fermentation by Br. ammoniagenes are Ammonium phosphate, ammonium sulfate, and urea were sterilized seperately and added to the medium aseptically after autoclaving. Fermentation conditions are described in the section of Materials and Methods, with the exception of a dilute urea solution added from time to time to the fermenting medium of Br. ammoniagenes to maintain the pH of the medium at neutrality. that pH of the culture medium must be maintained at neutrality or slight alkalinity during fermentation and that fermentation proceeds rather slowly. An organic nutrient was essential for growth of this organism and it was assumed that some components of the nutrient are necessary for the production of valine, since the kind of organic nutrient had rather profound effect on fermentation.
In valine fermentation by these bacteria, a very small amount of amino Fig. 1 . Metabolic changes occurred during valine fermentation by bacteria. The composition of the media was as follows: 10% glucose, 0.1% K2HP04i 0.05°c KH2P04i 0.05% MgSO4.7aq, 3% CaC03 were common to all media and the following components were added to each medium.
(1) 1% (NH4)2HP04, 1% NH4H2P04, 2.5% urea, 0.5/ NZ-amine. (2) 0.75/ (NH4)2HP04, 0.75% NH4H2P04, 2% urea (3) 0.5/ ~~ , 0.5% 'r , 0.2% corn steep liquor (4) 0.75% " , 0.75% n , 2% urea, 0.5% NZ-amine (5) 2.0% (NH4)2S04, 0.5% urea acids other than valine was usually found in the fermented broth. However, an increased amount of glutamic acid or alanine was often produced when valine production was inadequate, or in case cultivation was prolonged. Organic acids other than lactic acid could not usually be detected in the culture broth by a paper chromatography. Identification of the Fermentation Product:
The amino acid in the fermented broth of P. colifoyme strain 775 was isolated by absorption and elution on an ion exchange resin, Amberlite IR-120. After repeated recrystallizations from water and ethanol, analysis of the leaflet crystals thus obtained was made. The melting point was 310°C in a closed capillary. Although the identification of the product of other strains has not been carried out, that the product was valine was fairly strongly confirmed by the fact that the bioassay has been applied for the analysis of the product which is known to be specific to L-valine. The Biosynthetic Pathways of Valine in P. colifoyme and Br. ammoniagenes.
P. colifoyme strain 775 and Br. ammoniagenes ATCC 6871, a gram-negative and -positive bacterium, respectively were chosen among the valineproducing bacteria for the study of valine biosynthesis. (a) Experiments with intact Cell suspension.
The production of valine from various substrates by intact cells was investigated. The amount of valine produced by P. colifoyme is shown in Table 1 . In the same system as that of Table 1 , no valine was formed from ammonium chloride and a metabolite, such as gluconate, pyruvate, lactate, acetate, citrate, f umarate, glutamate, etc. Only a minute amount of valine was produced from glucose plus ammonium chloride by some cell preparations. However, when KIV was added to the reaction mixture, valine was always produced efficiently as shown in the table. Although data in the table give a rather complicated picture, it is suggested that KIV is a precursor of valine and also that valine is not formed by the reductive amination of KIV because the amount of valine is not significantly increased by the addition of glucose or pyruvate. In the stationary incubation, aspartate has a striking effect for valine production, but this could not be explained by valine-aspartate transaminase activity as will be described later and by knowledge available up to the present. Table 1 also indicates that AL seems to be a valine precursor. In Table 2 , the formation of valine by Br. ammoniagenes is presented. A Considerable amount of valine was formed by this organism from ammonium chloride plus glucose, lactate, pyruvate, or KIV. The addition of glucose to the reaction mixture containing KIV plus ammonium chlorides significantly increase the formation of valine. This however, could not be taken as a favorable evidence for the reductive amination of KIV, since valine was also formed from glucose plus mmonium chloride, VOL. 5 The enzymatic activities of each reaction step in the known pathway of valine biosynthesis were successively investigated by experiments with the cell-free extract. (b) Formation of AL from pyruvate.
An active AL-forming system was demonstrated by either extract of P. coliforme or Br. ammoniagenes.
As shown in Table 3 , the reaction requires thiamine pyrophosphate as an essential cofactor.
The formation of AL increased linearly with the concentration of extract, when the amount of AL formed was small (approximately less than 1.0 mole). Figure 2 shows the pH optimum of the reaction which is 6.0 for P. coliforme and 7.0 for Br. ammoniagenes.
The activity in the extracts of both organisms was stable at -15°C at least for a few days, but only P. coliforme extract maintained full activity at 3°C for one day. The identity of the reaction product Table 2 . Formation of valine by intact cells of Br. ammoniagenes. The reaction mixture contained 50 mg (as dry matter) of intact cells, moles of potassium phosphate buffer, pH 7.5, 10 µ moles of MgCI2, and strates as indicated (acids were sodium salts) in a total volume of 5 ml. were incubated at 37°C for the indicated periods. 500 µ subThey Table 3 . Formation of AL from pyruvate The complete system contained 100 µ moles of potassium phosphate buffer, pH 6.0 for P. coliforme or pH 7.0 for Br. ammoniagenes, 50 µmoles of sodium pyruvate, 1 µ moles of MgCl2, 1 mg of thiamine pyrophosphate, and 0.1 ml (0.12 mg protein) of the dialyzed extract of P. coliforme or 0.1 ml (0.39 mg protein) of the crude extract of Br. ammoniagenes in a total volume of 1.0 ml. The reaction mixtures were incubated in air at 37°C for one hour.
(c) Formation of valine from AL.
Some experimental results as shown in Table 4 suggest that AL is a probable precursor of valine.
Since the amount of valine formed from AL was small and the increase of valine by the addition of AL was often much smaller than that of Table 4 , no convinced evidence for the conversion of AL to valine could be obtained from such kind of experiment.
As AL is well known as the precursor of valine in various microorganisms, this problem was not elaborated further. (d) Formation of Valine from KIV. Table 5 indicates the possibility that one of the following amino acids glutamate, leucine, or isoleucine is able to act as an active amino donor for the amination of KIV in the cell.
Transaminase activities between KIV and major protein amino acids other than that in the Table were tentatively determined by the detection of valine on paper chromatograms of the reaction mixtures.
None of the amino acids tested was found to be effective for the amination of KIV like glutamate or leucine. It is of interest to note that valine-leucine or valine-isoleucine transaminase activity is stronger than valine-glutamate transaminase activity in Br. ammoniagenes, and glutamate seems to be impermeable to the intact cell of P. coliforme at pH 6.0, since no apparent KIV-glutamate transaminase activity was observed by the intact cells at a lower pH.
The reductive amination of KIV was considered to be a very probable mechanism for the formation of valine from KIV. In order to demonstrate this mechanism, several probable reactions were tested in the extracts of both bacteria.
As the result, no evidence for the reductive amination of KIV was obtained.
The reactions tested were as follows: The crude extract unless otherwise indicated was used as the enzyme solution.
(1) The reduc- Table 4 . Formation of valine from AL. The reaction mixtures contained 100 µmoles of potassium phosphate buffer, pH 7.0, 5 ,moles of MgC12i 20 µmoles of substrate (acids were sodium salts), 0.5 mg of DPN, 0.1 mg of TPN were added, and 0.2 ml (protein content : 3.3 mg for P. coli f orme and 1.4 mg for Br. ammoniagenes) of crude extract in a total volume of 1.0 ml. They were incubated in air at 37°C for 6 hours. (alone or in combination) to the reaction mixture containing KIV plus ammonium chloride did not cause an increase in the valine formation other than an increase in the amount of valine which was accounted by transamination.
(41 In the experiment with the intact cells, the time required for the reduction of dye such as methylene blue, 2, 6-dichlorophenol-indophenol was not shortened by the addition of valine.
(5) As described in section a, no favorable data for the reductive amination of KIV were obtained in the reactions with the intact cell suspension.
It is, therefore, assumed that the transamination is very likely the mechanism for the amination of KIV to valine. However, there still exists the possibility that some unknown mechanisms participate in the amination of KIV.
It may thus be concluded from the experimental results described above that the biosynthetic pathways of valine in valine-producing organisms are similar to the known pathway in other microorganisms (913). The Mechanism of the Production and the Accumulation of Valine.
The question raised now is how certain strains of bacteria are able to produce and accumulate a very large amount of valine in the culture medium. Some experiments were carried out in order to clarify this problem. The Table 5 . Transaminase activities in crude extract. The reaction mixtures contained 100 µmoles of potassium phosphate buffer, pH as indicated, 30 ,moles of substrate (acids were sodium salts), and 0.2 ml (2.1 mg protein of P. coliforme and 1.6 mg protein of Br. ammoniagenes) in a total volume of 1.0 ml. They were incubated in air at 37°C for the indicated periods.
following observations would provide several evidences to elucidate the efficient production of valine.
(a) AL decarboxylase activity A. aerogenes cell is known to have a strong AL decarboxylase activity by which AL is decarboxylated to form acetoin. Since the decarboxylation of AL as it is formed would be quite unfavorable for valine formation, the AL decarboxylase activity in valine-producing strains was tested.
The result are shown in Table 6 and demonstrate that valine-producing bacteria have no AL decarboxylase and that AL produced by them exclusively has one of the possible configurations.
(b) Comparison of enzyme activities in various bacterial preparations. It was assumed that valine productivity could be correlated to the increase or the decrease of enzyme activities.
Data supporting this assumption are indicated in Table 7 . In P. coliforme, the activity of the AL-forming enzyme (this will hereafter be called the condensation enzyme) varied rather sharply with even a minute change of fermentation condition and a parallelism could be seen between the amount of valine produced and this enzymatic activity.
But, this was not the case for the transaminase activity.
On the contrary, both the condensation enzyme and the transaminase activities of Brevibacterium extract did not markedly vary with the variation of growth conditions.
It should be noted here that the low activity of the condensation enzyme in some of the extracts could not be ascribed to some kind of the inhibitory substance present in the extract and it probably indicates that the amount of the enzyme itself should be small, because the activity of the enzyme was not lowered by the addition of the extract with low activity.
Besides these strains, the specific activities of enzymes in other valineproducing and non-producing bacteria were measured and are also listed in Table 6 . Decarboxylation of AL The AL-forming system was the same as that given in Table 3 . A portion of 0.1 ml (0.35 mg protein) of the crude extract of A. aerogenes ATCC 8308 was used as a source of AL decarboxylase.
This extract alone did not form AL or acetoin by the system employed here for AL-formation. Table 7 . Comparison of enzyme activities in various cultural conditions. * The specific activities of the enzymes are indicated as follows:
condensation enzyme (AL-forming enzyme); µmoles of AL/mg of protein/hour. transaminase; µmoles of L-valine/mg of protein/hour. The activity of condensation enzyme was tested as described in the legend of Table 3 , except when the pH in the reaction mixture is shown in parenthesis in case buffer other than pH of 6.0 was used. The transaminase activity was measured by the assay system given in Table 5 , in which the substrates were KIV and glutamate and the pH of the buffer was 7.5. ** The composition of the basal medium is 10% glucose, 0.1% K2HPO4, 0.05 KH2PO4, 0.05% MgSO4.7aq, 3 / CaCO3, 0.75% NH4H2PO4, 0.75% (NH4)2 HPO4, 2 / urea (ammonium phosphate and urea were sterilized seperately). The fermentation medium of each organism is the same as described in Fig. 1 . The fermentation medium of each organism is the same as described in Fig.l . The seed medium is described in the text. Table 7 . The extract of A, aerogenes strain 40-2 which had some activity of AL decarboxylase showed a somewhat characteristic nature in condensation enzyme; namely, such active extract exhibited activity to increase exponentially with extract concentration and showed an optimum pH at about 6.0. Since this phenomenon, as far as tested, could not be comprehended by a simple assumption, activity of the extract was estimated by the slope drawn in the region of the curve that appears to be almost linear.
It is apparent that E. coli strain 749 belongs to the Paracolobactrum type and A. aerogenes strain 40-2 to the Brevibacterium type in respect to the fluctuation of the enzyme activity, and non-valine-producing bacteria have a low activity in the condensation enzyme. Thus, the results described above may be interpreted as to indicate that a significant difference in enzyme activities between valine-producing cells and non-producing cells lies in the activity of the condensation enzyme. Since the bacterial cells in the usually have an active transaminase, and do always have the active condensation enzyme, the reaction catalized by the latter enzyme would be rate-limiting in the valine formation from pyruvate, if the assumption is made that other enzymes concerned are sufficiently active to form valine.
Therefore, it follows that a high activity in the condensation enzyme in the cells would be an important factor to make the efficient production of valine possible.
It is known that the formation and the action of the condensation enzyme is inhibited by the end product, valine, in E. coli (13) . This is one of the examples of the biosynthesis controlled by a negative feedback mechanism which have been well recognized in recent years.
The effect of valine on the formation of the condensation enzyme in the valine-producing bacteria was apparently so complicated by the fact that the cultural conditions had a considerable influence on the formation of the enzyme. On the other hand, it became clear that the activities of the condensation enzymes of all valineproducing bacteria listed in Table 7 are not entirely influenced by L-valine of a 2 x 10-2M concentration, but about 20'30% inhibitation was observed by 10-'M valine.
The inhibitation caused by such a high concentration of valine may hardly be attributed to the specific action of valine controlling the biosynthesis.
This though in part, at least explains the reason why a large amount of valine produced in the fermentation medium does not suppress its own synthesis.
Whether valine once formed would be decomposed or not is another problem for its own accumulation in the medium.
Since the immediate decomposition of valine did not occur at any considerable extent after the maximal production was reached, it was considered the valine-producing bacteria have a favorable nature for the accumulation of valine.
DISCUSSION
This paper is probably the first of its kind which to a certain extent reports the fermentative production of L-valine. However, a very small amount of valine has been detected in culture media of various microorganisms by several investigators who mainly studied the extracellular nitrogen compound of the organism (1416).
This phenomenon is in agreement with the view that valine is one of the amino acids which can be rather easily produced by microorganisms.
In the first paper of the studies on amino acid fermentation (8) , the authors among other facts described that certain bacteria such as Serratia marcescens, Salmonella enteritidis could produce valine in the culture medium.
Very recently, SuGizAxi also reported on the efficient production of valine by Aerobacter aerogenes or A. cloacae (17) , and IIZUKA and KoMAGATA commented that some bacteria belonging to the family of Enterobacteriaceae, especially Aerobacter, are found to be the excellent organisms for valine production (18) . Not only the valine-poducing bacteria listed above, but also the bacteria described in this paper mostly belongs to the family Enterobacteriaceae.
Under such circumstances, it might be appropriate to assume that the ability to produce valine is a characteristic nature of the bacteria of Enterobacteriaceae.
The pathway of valine biosynthesis in microorganisms has been rather well established by the studies applying mutant, isotopic and enzymatic techniques (913).
So far, no particular difference between the known pathways has been reported. At first, it was rather expected that some difference in respect to the pathway between valine-producing and nonproducing bacteria could be found. However, the observations reported here support the view that valine in the fermentation process is formed by the biosynthetic pathway similar to that of other organisms.
The appearance of glutamic acid in the broth at a laterstage of fermentation may suggest that the formation of KIV is rate-limiting in valine production, but the amino donor substance for KIV is not a rate-limiting factor.
From the experimental results found in this study it is convinced that the most probable mechanism for the efficient production of valine is reliable to the reaction of AL-forming enzyme (the condensation enzyme reported in this paper).
Until recently the condensation enzyme has rather long been known to exist in the acetoin-forming system, a carboligase action (19) , however, the enzyme is now characterized to a certain extent by demonstration of the identity of pyruvic oxidase or a-carboxylase to acyloin condensation enzyme in some cases (20). UMBARGER and BROWN (13) demonstrated in E. coli that the condensation enzyme described by them which had a pH optimum at 8.0 or higher was different from the enzyme of JUNI and HEYM (20), and they ascribed a biosynthetic role to their enzyme. The enzymes described here apparently belong to the microbial enzyme of JuNI and HEYM or the classical acyloin condensation enzyme and not to that of UMBARGER and BROWN. Whether or not the condensation enzyme active at a lower-pH has a significant role in the biosynthesis of valine for the ordinary growning organisms is another problem, but in any way it now seems apparent that the enzyme with a low pH also plays a definite role in the biosynthesis of valine, although the synthesis of valine by such an enzyme is not controlled by valine itself.
It is of interest to note that the extract of P. coliforme as well as E. coli K-12 grown on a mineral salts-glucose medium (13) showed the condensation enzyme activity which is suppressed by a low concentration of valine at pH 8, but the extract of the cells grown in the basal medium of Table 7 had almost no activity at Ph 8. Therefore, it may well be stated that one of the important mechanisms for valine production is due to the presence of an active condensation enzyme which is not susceptible to valine itself.
The existence of such a biosynthetic enzyme besides "orthodox" biosynthetic enzyme described by UMBARGER and BROWN may explain the data obtained by RoBERTS et al. that the external addition of valine does not suppress its internal synthesis in E. coli (21). If the organism they studied has both enzymes mentioned above, the internal synthesis would continue by the enzyme with low pH whose activity is insensitive to the external valine.
A rather violent fluctuation in the activity of the condensation enzyme in some bacteria is noteworthy, especially from the standpoint of the production of valine.
This may mean that the achievement of the increase in the condensation enzyme activity of such bacteria is prerequisite for raising the yield in valine fermentation.
A similar phenomenon is known in the f ermentative production of citric acid in which the enzyme activities of the biosynthetic reactions varies with the variation of the cultural conditions (22), and also known in some other enzymes (23)
Although emphasis has so far been placed on the mechanism specific for the production and accumulation of valine, it may be added that the general mechanisms which may work on amino acid fermentation (24), such as that the metabolic activities of the organism highly favorable for the formation of amino acid, should also apply for valine fermentation.
In connection with this another important role of the condensation enzyme may be pointed out that the pyruvate which is usually produced in a large amount as an intermediary metabolite would be efficiently converted by only the active condensation enzyme into a five-carbon compound which is eventually converted to valine. SUMMARY 1. More than ten strains of bacteria which are capable of producing large amounts of valine were selected under a screening program.
The isolates from natural sources we classified as Paracolobacterum coliforme, P. intermedium, Escherichia coli, and Aerobacter aerogenes.
2. The production and accumulation of L-valine in P. coliforme and 
